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ABSTRACT
Recent gamma-ray and cosmic-ray observations have put strong constraints on the
amount of primordial black holes (PBHs) in our universe. In this article, we use the
archival radio data of the inner Galactic Centre to constrain the PBH to dark matter
ratio for three different PBH mass distributions including monochromatic, log-normal
and power-law. We show that the amount of PBHs only constitutes a very minor
component of dark matter at the Galactic Centre for a large parameter space.
Key words: Primordial black holes
1 INTRODUCTION
Primordial black hole (PBH) has long been of considerable
interests for nearly half a century (Zel’dovich & Novikov
1967; Khlopov 2010), since merely it could be sufficiently
small for Hawking radiation (Hawking 1974, 1975) among
all types of black holes. Such a hypothetical type of massive
compact halo object is naturally regarded as a good dark
matter candidate because it does not involve any new parti-
cles beyond the Standard Model. Also, PBHs are nearly col-
lisionless and they are stable if sufficiently massive. If they
still exist in a large number by now, they would contribute
to a large fraction of dark matter, and Hawking radiation
from them may be an appreciable source of observable back-
ground radiation.
These massive compact objects would be generated in
the early Universe less than one second just after the Big
Bang. In general, their expected masses depend on the time,
at which they were created, ranging from the Planck mass
(105 g) created at the Planck time (t ≈ 10−43 s) to about
105M⊙ just before big-bang nucleosynthesis (t ≈ 1 s). In
other words, such realistic production mechanisms expect
an extended mass distribution rather than just a unique
mass for all PBHs.
Owing to such a very large mass range, the past
decades of various observations, including intensive 511 keV
gamma-ray line at the Galactic Centre (Prantzos et al.
2011; Siegert et al. 2016) and recent detection of gravita-
tional waves from binary black hole merger (Abbott et al.
2016, 2019; Bird et al. 2016), revive a great deal of
interests on exploring mass windows or further im-
proving constraints on the PBH to dark matter ra-
tio (Carr et al. 2010; Carr, Ku¨hnel F. & Sandstad
⋆ chanmh@eduhk.hk
2016; Clesse & Garc`ıa-Bellido 2018; Murgia et al.
2019; Gnedin & Primack 2004; Zhu et al. 2018;
Boudaud & Cirelli 2019; Green 2016; Bellomo et al. 2018;
Laha 2019; DeRocco & Graham 2019; Arbey et al. 2019;
Montero-Camacho et al. 2019; Chan 2018; Katz et al.
2018). For astrophysical and cosmological observations,
Clesse & Garc`ıa-Bellido (2018) give seven hints in favor
of a PBH population with abundance comparable to dark
matter, coming from various observations of widely different
scales and epochs of the Universe or revealed by using
physical arguments based on first principles. Among those
mass constraints, sufficiently small masses (< 4 × 1014 g)
are ruled out since such PBHs are believed to evaporate
away completely through Hawking radiation (Hawking
1974, 1975) much earlier. For PBH masses > 4 × 1014 g,
various kinds of data such as the observational data of the
Voyager 1 Satellite (Stone et al. 2013; Cummings et al.
2016; Boudaud & Cirelli 2019), strong lensing measure-
ments (Montero-Camacho et al. 2019; Katz et al. 2018),
background gamma-ray and cosmic-ray data (Carr et al
2016; Laha 2019; Carr et al. 2020) have been considered
to constrain the fraction of PBH being dark matter f (the
mass ratio of total PBHs to total dark matter). For some
mass windows, most of these data show that f is much
less than 1, which means that PBHs may only constitute
a very small part of dark matter (Carr et al 2016; Laha
2019; Boudaud & Cirelli 2019; Carr et al. 2020). Nev-
ertheless, some mass ranges of PBHs are still viable for
f = 1 (Smyth et al. 2020; Dasgupta, Laha & Ray 2019;
Laha, Mun˜oz & Slatyer 2020).
On the other hand, some recent studies focus
on different classes of mass distributions of PBHs
(Boudaud & Cirelli 2019; Green 2016; Bellomo et al.
2018; Laha 2019) and even PBHs of Kerr type
or spinning PBHs (Arbey et al. 2019; Kuhnel 2020;
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Dasgupta, Laha & Ray 2019). They all conclude that the
constraints for PBH with a wide range of PBH mass are
more stringent than that with a unique mass only.
Apart from using gamma-ray or cosmic-ray data to con-
strain PBH, in this article, we explore the possibility of using
radio data to constrain PBH fraction. We also examine the
PBH fraction at the inner Galactic Centre, which has not
been widely discussed before (Carr et al. 2020). Therefore,
the objective of the present article is to update the con-
straints on PBH fraction at the inner Galactic Centre by
radio observational data. Similar analyses have been done
in our previous work to constrain dark matter annihilation
model (Chan & Lee 2019a,b). The high energy particles
produced from the evaporation of PBHs would emit syn-
chrotron radiation in radio bands when there is a strong
magnetic field. By using the radio data of the Galactic Cen-
tre, we can obtain the upper limits of the ratio of PBH mass
density to dark matter density. These results are generally
consistent with that obtained by gamma-ray and cosmic-ray
observations.
2 FORMALISM FOR THE PBH
EVAPORATION MODEL
Similar to traditional black holes, PBHs with mass MPBH
would emit Hawking radiation and particles (i.e. PBH evap-
oration). The temperature as a unique parameter linking
with their massMPBH dictates the rate of the particles emit-
ted from the PBHs’ surface and is given by (Hawking 1974,
1975)
kBT =
~c3
8piGMPBH
≈ 1.06
(
1013g
MPBH
)
GeV. (1)
The number of particles Ne, especially electron-positron
pairs, emitted per unit time and energy follows the distri-
bution (Boudaud & Cirelli 2019)
d2Ne
dEdt
=
Γe
2pi
[exp (E/kBT ) + 1]
−1 , (2)
where the electron absorption probability Γe can be approx-
imately modelled as (MacGibbon & Webber 1990)
Γe ≈
{
16
G2M2
PBH
E2
~3c6
for GMPBHE
~c3
< 1,
27
G2M2
PBH
E2
~3c6
for GMPBHE
~c3
> 1.
(3)
Beside the primary emission of electron-positron pairs, PBH
evaporation would also give quark pairs which would quickly
hadronize to produce secondary emission of electrons and
positrons. Nevertheless, the energy of the secondary elec-
trons and positrons is somewhat lower than the primary
ones. The spectrum of the secondary electron-positron pairs
produced can be calculated by the BlackHawk code pub-
lished in Arbey & Auffinger (2019). We show the spectra
of the primary and secondary emissions from PBH evapora-
tion for MPBH = 10
14 g in Fig. 1.
In the followings, we consider two classes of mass dis-
tribution of PBH: monochromatic mass distribution and ex-
tended mass distribution. Starting from the former case,
we assume that all PBHs have a common mass following
a monochromatic mass distribution. The number of injected
electrons per unit time, energy and volume is given by
Q(E, r) =
ρPBH(r)
MPBH
d2Ne
dEdt
, (4)
where ρPBH(r) denotes the total PBH mass density, which
is a function of the distance from the Galactic Centre, r.
Most of the previous studies assume that the total PBH
mass density traces dark matter density (Carr et al. 2010).
It is because dark matter density usually dominates the mass
density in stable structures so that PBH density distribution
follows dark matter density distribution via the gravitational
interaction between PBHs and dark matter. Therefore, the
PBH fraction is usually defined as f = ρPBH/ρDM , where
ρDM is the dark matter density. We follow this definition and
assume that the PBH distribution traces the dark matter
distribution. Based on this definition, we have
Q(E, r) =
fρDM(r)
MPBH
d2Ne
dEdt
. (5)
We also generalize the case of extended mass distribu-
tion for a more realistic situation. The number of injected
electrons per unit time, energy and volume can be written
as
Q(E, r) =
fρDM (r)
ρ⊙
∫
∀MPBH
dMPBH
g(MPBH)
MPBH
d2Ne
dEdt
, (6)
where g(MPBH) is any particular mass distribution of PBH
normalized to ρ⊙.
∫
∀MPBH
dMPBH indicates the integration
over a large PBH mass range which includes our interested
range 4× 1014g 6 MPBH 6 1017g. In the current study, we
focus on two different popular extended mass distributions:
log-normal distribution and power-law distribution.
The log-normal distribution (Boudaud & Cirelli 2019;
Green 2016; Laha 2019; Bellomo et al. 2018; Arbey et al.
2019), with µ and σ denoted as the median and the stan-
dard derivation of the logarithm of the mass distribution
respectively (Krishnamoorthy 2006), is defined as
g(MPBH) =
ρ⊙√
2piσMPBH
exp
(
− ln
2(MPBH/µ)
2σ2
)
, (7)
whereas the power-law distribution, as parameterized by the
power-law index, p, the maximum valueMmax, and the min-
imum value Mmin of the mass distribution, is defined as
(Laha 2019; Bellomo et al. 2018),
g(MPBH) =
pρ⊙
Mpmax −Mpmin
Mp−1PBH, (8)
where MPBH ∈ [Mmin,Mmax] and the power-law index p 6=
0.
In the followings, we will focus on the central re-
gion (r 6 0.16 pc) of the Galactic Centre. If there ex-
ists a large amount of PBHs, the evaporation of PBHs
would give a large amount of high-energy electrons and
positrons (∼ 0.001 − 0.1 GeV). These high-energy elec-
trons and positrons would emit synchrotron radiations when
they are subjected in a magnetic field strength B and sur-
rounded by a background plasma with plasma frequency
νp = 8890[n(r)/1 cm
−3]1/2 Hz, where the electron density
is n(r) ∼ 1 cm−3 (Muno et al. 2004). The resulting syn-
chrotron power is very insensitive to the electron density
n(r) (the change is negligible for n(r) = 0.1−10 cm−3), and
the synchrotron radiations can be easily detected by radio
telescopes. The average synchrotron power for a single elec-
tron with energy E = γmec
2 (γ is the Lorentz factor of the
electron), at a particular frequency ν, can be expressed as
c© XXXX RAS, MNRAS 000, 1–6
Constraining Primordial Black Hole Fraction at the Galactic Centre using radio observational data 3
(Storm et al. 2013)
Psyn =
∫ π
0
dθ
sin2 θ
2
2pi
√
3remecνgFsyn
( x
sin θ
)
, (9)
where νg = eB/(2pimec) is the non-relativistic gyrofre-
quency, re = e
2/(mec
2) is the classical electron radius and
θ is the pitch angle. The quantities x and F are defined as
x =
2ν
3νgγ2
[
1 +
(γνp
ν
)2]3/2
, (10)
and
Fsyn(y) = y
∫ ∞
y
K5/3(s)ds ≈ 1.25y1/3e−y(648 + y2)1/12,
(11)
respectively. When high-energy electrons and positrons
are produced, they would diffuse and cool down via the
diffusion-loss equation (Atoyan et al. 1995; Chan & Lee
2019a,b). Due to a very large magnetic field strength at the
Galactic Centre (B ∼ 1 mG), the cooling of electrons and
positrons would be dominated by the synchrotron cooling.
The cooling rate (in the unit of 10−12 GeV s−1) is given by
(Colafrancesco et al. 2006)
b(E) = 2.54E2B2, (12)
where E and B are in the units of GeV and mG, respec-
tively. Note that the above cooling rate is applicable for
ultra-relativistic electrons and positrons only. Nevertheless,
the cooling of semi-relativistic (E < 0.01 GeV) and non-
relativistic electrons and positrons (mainly the secondary
emission due to hadronization) would be dominated by other
processes such as Coulomb cooling and Bremsstrahlung
cooling. The synchrotron emission due to these electrons
and positrons is negligible. Later, we will see that our re-
sults are mainly based on the contribution of the primary
emission (ultra-relativistic electrons and positrons). There-
fore, using the cooling rate in Eq. (12) is a very good ap-
proximation. The estimated cooling time for a 0.01 GeV
electron is tc ∼ 1013 s. For a very small region with a
very high magnetic field strength, the stopping distance of a
positron or electron based on the simple random walk model
is ds ∼
√
rLctc, where rL = E/ecB is the Larmor radius.
The stopping distance for a 0.01 GeV electron is about 10−3
pc, which is smaller than the size of the region we consid-
ered (radius R = 0.16 pc) at the Galactic Centre. Also, the
advection is important only for r 6 0.04 pc (Bertone et al.
2009). Therefore, most of the electrons and positrons pro-
duced by the evaporation of PBHs in this small region would
be almost confined in that region. The solution for the equi-
librium state can be expressed, in terms of Q(E, r), by
dne
dE
=
1
b(E)
∫
∞
E
Q(E′, r)dE′, (13)
By assuming that the PBH distribution is spherically
symmetric, the radio flux density emitted due to the evapo-
ration of the PBHs, with sufficiently large distanceDL = 8.5
kpc to the region considered at the Galactic Centre as ob-
served from the Earth, is finally given by (Chan & Lee
2019a,b)
SDM (ν) =
1
4piD2L
∫ R
0
∫ ∞
me
2
dne
dE
PsyndE(4pir
2)dr, (14)
which depends on the radio frequency ν. The factor 2 in
the above equation indicates the contributions of both high-
energy electrons and positrons.
3 RESULTS
We examine three possible dark matter density profiles
at the Galactic Centre for r 6 0.16 pc: the Navarro-
Frenk-White (NFW) density profile ρDM = ρsrs/r with
(ρs, rs) = (0.0182M⊙pc
−3, 10.7 kpc) (Sofue 2015), a
cored profile (or the cored isothermal profile) ρDM ≈
ρs = 0.0365M⊙pc
−3 (Cirelli et al. 2011) and a con-
tracted density profile ρDM = ρs(r/rs)
−1.5 with (ρs, rs) =
(100M⊙pc
−3, 2 pc) (Gnedin & Primack 2004). For the
magnetic field strength, its profile near the Galactic Centre
can be modeled by the following form (Bringmann 2014)
B =
{
B0
(
rc
r
)5/4
for r 6 rc,
B0
(
rc
r
)2
for r > rc.
(15)
where the magnetic field at radius rc = 0.04 pc is B0 =
7.2 mG.
In Fig. 2, we show the radio flux spectra for two differ-
ent MPBH based on the monochromatic mass distribution
model (assumed the NFW profile with f = 0.01). The re-
sulting radio flux density depends largely on the PBH mass
and it can range from 10−8 Jy to 104 Jy. Moreover, syn-
chrotron emission is proportional to the energy of electrons
and positrons. As mentioned above, since the energy of the
secondary electrons and positrons produced from PBH evap-
oration dominates in the low energy range (∼ 0.001 − 0.01
GeV) (see Fig. 1), the radio emissions due to the secondary
emission of electrons and positrons are nearly negligible (see
Fig. 2). Therefore, the primary emission spectrum in Eq. (2)
can almost represent the contribution of radio emission.
The archival data in Davies et al. (1976) reveal that
the upper radio flux density limit within a radius of 4”
(0.16 pc) at the Galactic Centre at frequency 0.408 GHz
is 50 mJy. This information can give a stringent con-
straint on the PBH fraction f . In Fig. 3, we show the
upper limits of f as a function of PBH mass for the
monochromatic mass distribution for three different dark
matter density profiles. The region in between the limits
assuming the cored profile and the contracted profile in-
dicates the systematic uncertainty band due to the dark
matter density. These limits are consistent with the previ-
ous studies using X-ray, gamma-ray and cosmic-ray data
(Laha 2019; Ballesteros, Coronado-Bla`zquez & Gaggero
2019; Boudaud & Cirelli 2019; Laha, Mun˜oz & Slatyer
2020). We also plot the upper limits of f for the log-normal
distribution and the power-law distribution in Fig. 4 and
Fig. 5 respectively. Certain ranges of parameters (e.g. σ, p)
have been assumed in the plots. These limits are generally
tighter than that using gamma rays and cosmic rays. For a
considerable size of the parameter space, the value of f is
much less than 1, which means that the amount of PBHs is
quite insignificant at the inner Galactic Centre.
4 DISCUSSION
In the above studies, we constrain the PBH fraction at the
Galactic Centre using the archival radio data. The advan-
c© XXXX RAS, MNRAS 000, 1–6
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Figure 1. The spectra of primary emission (red line) and sec-
ondary emission (blue line) of electrons or positrons for MPBH =
1014 g. The black dotted line is the total spectrum of electron or
positron emission (primary plus secondary emission).
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Figure 2. The predicted radio flux densities from PBHs as a
function of frequency originated from primary emission (black
lines) and secondary emission (red lines), with PBH monochro-
matic masses MPBH = 4 × 10
14 g (upper) and MPBH = 10
17 g
(lower), assuming the NFW profile with f = 0.01.
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Figure 3. The upper limits of f as a function of the PBH
monochromatic mass. The black solid line, dashed line and dot-
ted line represent the limits in this analysis for the NFW profile,
the cored profile and the contracted profile respectively. The
coloured lines indicate the upper limits of f constrained by the
cosmic-ray, gamma-ray and X-ray data (Boudaud & Cirelli
2019; Ballesteros, Coronado-Bla`zquez & Gaggero 2019;
Laha, Mun˜oz & Slatyer 2020).
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Figure 4. The upper limits of f as a function of the median PBH
mass µ, assuming the log-normal mass distribution.
tage of using radio data is that radio flux density can be
obtained with a very high resolution and sensitivity. For ex-
ample, the data used in this analysis were collected within
a radius of 4” near the Galactic Centre. This resolution is
much greater than that obtained by gamma-ray observa-
tions. The main reason for considering the small region at
the Galactic Centre is that it has a very high magnetic
field strength (B ∼ 5 mG), which can give a consider-
able amount of radio flux in current observable frequencies
(ν > 0.1 GHz). The synchrotron peak frequency (the ra-
dio frequency where the synchrotron emission is maximum)
is ν ≈ 4.7 GHz(E/GeV)2(B/mG) (Profumo & Ullio 2010).
For B ∼ 5 mG and E ∼ 0.1 GeV, the peak frequency is
0.24 GHz, which is still close to the current observable radio
frequency range. For other regions in our Galaxy, the mag-
netic field strength is about B ∼ 1−10 µG so that the peak
frequency would be smaller than 10−3 GHz, which is far be-
low the current observable radio frequency range. Therefore,
to constrain the PBH fraction using radio data, we can only
c© XXXX RAS, MNRAS 000, 1–6
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Figure 5. The upper limits of f as a function of the maximum
mass Mmax, assuming the power-law mass distribution with two
different power-law index p = 0.5 and 1.5 for comparison. Here,
the two PBH minimum masses assumed are (a) Mmin = 4× 10
14
g and (b) Mmin = 7.9× 10
15 g.
consider the central region of a galaxy, which has sufficiently
large magnetic field strength.
Based on our analysis, we show that only a small pa-
rameter space is allowed for f being close to 1 (except for
the cored dark matter density profile). This means that the
amount of PBHs is probably a very minor component at the
inner Galactic Centre. This is consistent with the previous
studies using gamma rays and cosmic rays (Laha 2019).
Note that some systematic uncertainties may be included in
our analysis. The major systematic uncertainty is the func-
tional form of the magnetic field strength near the Galactic
Centre. The profile in Eq. (15) is derived from an approx-
imate equipartition of magnetic, kinetic and gravitational
potential energy inside the accretion zone for r < 0.04 pc
and magnetic flux conservation for r > 0.04 pc (Bringmann
2014). Although the order of magnitude of magnetic field
strength based on this assumption is supported by recent
observations (Guenduez et al. 2019), the actual variation
of magnetic field strength near the Galactic Centre is quite
complicated. Our simplified profile would contribute some
systematic uncertainties in the analysis.
Besides, the systematic uncertainty of the dark mat-
ter density profile is another possible uncertainty. In this
analysis, we have considered three dark matter density pro-
files, the NFW profile, constant density cored profile and the
contracted profile. These profiles basically represent a large
range of possible dark matter density, from a conservative
value (constant cored profile) to an optimistic value (con-
tracted profile). The regions in between the limits assum-
ing the cored profile and the contracted profile in Figs. 3-5
represent the involved systematic uncertainty bands. Nev-
ertheless, many previous and recent studies have realised
that the supermassive black hole at the Galactic Centre
might have induced a contracted dark matter density profile
(Gondolo & Silk 1999; Merritt 2004; Gnedin & Primack
2004; Fields, Shapiro & Shelton 2014). Therefore, the lim-
its derived from the contracted dark matter density profile
may be more representative and realistic.
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